Abstract: Cu 2 ZnSnS 4 (CZTS) is a p-type semiconductor with high absorption coefficient and direct bandgap from 1 to 1.5 eV, which is ideal for making absorber layer for solar cell. However, it is difficult to get single phase of CZTS due to the competitive formation of binary and ternary secondary phases. In this paper, we prepared CZTS nanoparticles by hydrothermal method and investigate the influence of hydrothermal temperature on the product. Raman scattering, X-ray diffraction, scanning electron microcopy, energy dispersive X-ray spectroscopy and diffusion reflective measurement were applied to characterize the products. The products are high quality nanocrystals of kesterite phase with uniform size which is applicable for solar absorber layer fabrication.
Introduction
 CZTS material is a p-type semiconductor and with direct band gap of around 1.5 eV which is an ideal value for absorber layer [1, 2] . Besides, CZTS material composes of four elements: copper, zinc, tin and sulfur, which are all non-toxic elements and available abundantly in the earth's crust, so CZTS can help to reduce cost of solar cells in the market. Solar cells based on CZTS light absorber layer is a promising candidate with the hope of replacing CdTe, CIS, CIGS in the near future [3] .
There are various methods for manufacturing CZTS material, which can be categorized into physical (vacuum) methods and chemical (non-vacuum) methods... In fact, most available methods for synthesis of CZTS require two or more steps, where sulfurization process of the as-prepared materials _______  in sulfur rich media such as S or H 2 S… is applied to enhance quality of the CZTS layer [4] [5] [6] . The drawback of annealing process is long time and especially harm to environment. So single-step method is preferred for fabrication of CZTS. In phase diagram of ternary system Cu 2 S, ZnS, and SnS 2 , CZTS exists only in very small area, implying that binary and ternary secondary phases such as Cu 2 S, ZnS, Cu 2 SnS 3 , Cu 3 SnS 4 … are much easier to form than CZTS [7, 8] . Hence, study to control the formation of secondary phases and residues is very important. In this report, we fabricate CZTS nanoparticles by hydrothermal method, which is cost effective, environment friendly, and easily to upscale for mass production. . Equal volumes of metal salts were mixed well by magnetic stirrer followed by adding dropwise of thiourea of equal molar. The solution was continuously stirred for two more hours and then transferred to a Teflon container for hydrothermal reaction. The obtained products were cleaned with distilled water and ethanol by centrifugation at 5000 rpm for at least 5 cycles. The products were then dried at 65 during 3h to obtain final products in form of black powder. Three samples were prepared by hydrothermal at different temperatures 120, 180 and 240 o C while hydrothermal time was kept constant in 24h.
Experiment
The crystal structure characterization was studied using X-ray diffractometer (XRD) SIEMES D5005, Bruker, Germany. Raman spectrum measurement was collected using LabRam HR800 Raman spectroscopy from Horiba Jobin Yvon. Scanning electron microscopy (SEM) and energy dispersive Xray spectroscopy (EDS) were performed on Nova nano SEM 450 FEI to study the surface morphology and elemental composition of the product. Diffuse reflectance spectra of the samples were measured with Cary 5000 spectrometer from Varian -USA.
Results and discussion
XRD patterns of the samples are shown in Fig. 1 . Prominent diffraction peaks, which could be observed at 28.4 , 33.9 , 47.4 and 56.3 , match well with the JCPS card No. 26-0575 of kesterite CZTS. Besides the peaks due to reflection from (112), (200), (220) and (312) planes of CZTS kesterite, weaker peaks corresponding to CuS appear in the patterns of samples prepared at 120 and 180 o C. It is well known that copper sulfide is a detrimental secondary phase of CZTS, which increases the shunt current, and lower substantially the efficiency of CZTS solar cells. One key problem in dealing with CZTS solar cell is to suppress the formation of secondary phases, especially secondary phases of high conductivity like copper tin sulfur or copper sulfur [9] .
The XRD patterns likely show that hydrothermal reaction at 240 o C helps to convert the precursors to CZTS of single phase, which is hopefully applicable for solar cell fabrication.
Higher hydrothermal temperature also better the crystal quality of the CZTS nanoparticles as demonstrated by the smaller full width at half maximum of the diffraction peak. However, it also should be noted that, many secondary phases of CZTS share the same diffraction peaks with the main phase due to similar scattering cross section area. In order to confirm the purity of the nanoproduct prepared at 240 o C, it is necessary to cross check phase purity by Raman measurement. Raman spectra of samples prepared at 120C in 6h, shown in Fig. 2 , are composed of a strong peak located at around 466 cm -1 which can be assigned to Cu 2-x S. A weaker and broader peak at 325 cm -1 could be convolutions of different phases such as: Cu 2 SnS 3 , Cu 3 SnS 4 , CZTS… At higher hydrothermal temperature, a strong A 1 peak at 330 cm -1 of CZTS could be observed clearly in addition to a small peak of Cu 2-x S. The results demonstrate that at 180 o C, most of the precursors were converted into CZTS of kesterite structure. However the sample still contains of Cu 2-x S and not excluded some other secondary phases at low concentration because the A1 peak characterized by CZTS is still quite broad. The purity of the sample prepared 240 o C is demonstrated by the sharp A1 peak of CZTS at 333 cm -1 . No other peaks of secondary phases could be found in the spectra. Energy dispersive spectroscopy, shown in Fig. 3a , was applied to verify the purity as well as the stoichiometry of the CZTS nanoproduct prepared at 240 o C. The quantitative measurement shows that percentage of Cu:Zn:Sn:S element was closed to stoichiometry ratio 2:1:1:4. No clear trace of carbon was detected in the sample. It is important to get a pure CZTS product without carbon residue because carbon is reported to increase the series resistance of solar cell and results in detachment of CZTS absorber layer from substrates [11] [12] [13] . The results show that the as-prepared CZTS powder met the criteria for making absorber layer for solar cell.
SEM image of the sample prepared at 240 o C in 24h (Fig. 3b) shows that particle size is relatively uniform, which aggregates together to form large cluster with average size of about 500 nm. The uniformity of the nanoparticles demonstrates the potential for making ink to fabricate absorber layer thin films. (b) (a) Fig. 4 shows the plot of (h) 2 vs. h of CZTS nanoparticles prepared at 240 o C. The band gap of the nanoproduct was estimated by extrapolating the linear part of the plot to the horizontal axis. The result shows that the band gap of CZTS is 1.52 eV, which is consistent with bandgap reported for CZTS prepared by solution methods. This value is also closed to the optimum required bandgap for solar absorber [14] [15] [16] .
Conclusion
In this study, we have investigated the effect of temperature on CZTS nanoparticles prepared by hydrothermal method. It was found that temperature of 240 o C is required for the formation of single phase CZTS nanoparticles of uniform size and shape. The optical bandgap of 1.52 eV was estimated from diffusion reflective measurement. Together with the low cost of precursors, the processing route reported in this paper is very potential for fabricating CZTS ink towards commercial solar cell product.
